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(54) Method of manufacturing a mirror structure 

(57) Optical cross-connect systems (100) involve 
the general concept of a two dimensional array (104) of 
microelectromechanical system (MEMS) tilt mirrors 
(1 06) being used to direct light coming from a first optical 



fiber (110) to a second optical fiber (111). Each MEMS 
tilt mirror (106) in the two dimensional array (104) can 
tilt about two non-colinear axes (x,y) and is suspended 
by a plurality of suspension arms (450) attached to a 
silicon on insulator substrate. 
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Description 

[0001 ] For optical telecommunication systems it is of- 
ten necessary to switch the path of the transmitted light. 
Numerous different approaches have been suggested. 
Optical switching based on micro -electromechanical 
system (MEMS) mirrors is particularly attractive for com- 
munication systems. Optical switches using reflecting 
MEMS mirrors are convenient because free-space light 
transmission is used and scaling to a large-scale optical 
cross-connect system is possible. This is important be- 
cause of current demand for optical cross-connect sys- 
tems on the order of 1 000 x 1 000. Actuation to move the 
M EMS mirrors in an optical cross-connect system is typ- 
ically electrostatic, electromagnetic, piezoelectric or 
thermal. 

[0002] Optical cross-connect systems in accordance 
with an embodiment of the invention involve the general 
concept of a two dimensional array of MEMS tilt mirrors 
being used to direct light coming from a first optical fiber 
to a second optical fiber. Each MEMS tilt mirror in the 
two dimensional array can tilt about two non-colinear ax- 
es and is suspended by a plurality of suspension arms 
attached to a silicon on insulator substrate. 
[0003] Particular embodiments in accordance with 
this invention will now be described with reference to the 
accompanying drawings; in which:- 

FIG.1 shows an embodiment of an n x m optical 
cross connect system in accordance with the inven- 
tion. 

FIG. 2a shows an embodiment of a two mirror array 
optical cross connect system in accordance with the 
invention. 

FIG. 2b shows an embodiment of an optical switch 
system in accordance with the invention. 
FIG. 2c shows an embodiment of an optical switch 
system in accordance with the invention. 
FIG. 3a shows an embodiment of an n x m optical 
cross connect system in accordance with the inven- 
tion. 

FIG. 3b shows dependence of mirror shape on an- 
gular incidence. 

FIG. 4a shows an embodiment of a tilt mirror struc- 
ture in accordance with the invention. 
FIG. 4b shows an embodiment of a tilt mirror struc- 
ture in accordance with the invention. 
FIG. 4c shows an embodiment of a tilt mirror struc- 
ture in accordance with the invention. 
FIG. 5 shows a side view of an embodiment of a tilt 
mirror structure in accordance with an embodiment 
of the invention. 

FIG. 6a shows the effect of mirror curvature on op- 
tical beam divergence. 

FIG. 6b shows the effect of mirror curvature on op- 
tical beam divergence. 

FIG. 7a shows a top view of a patterned mask used 
for processing. 



FIG. 7b shows a top view of a patterned mask used 
for processing. 

FIG. 7c shows a top view of a patterned mask used 
for processing. 
5 FIG. 7d shows a top view of a patterned mask used 

for processing. 

FIG. 7e shows a top view of a patterned mask used 
for processing. 

FIG. 7f shows a top view of a patterned mask used 
10 for processing. 

FIG. 7g shows a top view of a patterned mask used 
for processing. 

FIG. 7h shows a top view of a patterned mask used 
for processing. 
15 FIG. 7i shows a top view of a patterned mask used 
for processing. 

FIG. 7j shows a top view of a patterned mask used 
for processing. 

FIG. 7k shows a top view of a patterned mask used 
20 for processing. 

FIG. 71 shows a top view of a patterned mask used 
for processing. 

FIG. 7m shows a top view of a patterned mask used 
for processing. 

25 FIGs. 8a-8o show the processing steps in accord- 
ance with an embodiment of the invention. 
FIG. 9 shows a top view of an embodiment in ac- 
cordance with the invention. 
FIG. 10 shows a side view of an embodiment in ac- 

30 cordance with the invention. 

FIGs. 11a-11kshowthe processing steps in accord- 
ance with an embodiment of the invention. 
FIG. 12 shows a top view of an embodiment in ac- 
cordance with the invention. 

35 FIG. 13 shows a side view of an embodiment in ac- 

cordance with the invention. 
FIGs. I4a-14l show the processing steps in accord- 
ance with an embodiment of the invention. 
FIG. 15 shows a side view of an embodiment in ac- 

40 cordance with the invention. 

FIGs. 1 6a-1 6i show the processing steps in accord- 
ance with an embodiment of the invention. 
FIGs. 1 7a-1 71 show the processing steps in accord- 
ance with an embodiment of the invention. 

45 FIGs. 18a-m show the processing steps in accord- 

ance with an embodiment of the invention. 

[0004] FIG. 1 shows an embodiment of optical cross- 
connect system 100 in accordance with the invention. 

50 Two dimensional array 104 of MEMS tilt mirrors 106 is 
used to direct light beam 101 coming from two dimen- 
sional array 1 08 of optical fibers 1 1 0 to two dimensional 
array 112 of optical fibers 111 . Each mirror 1 06 can ro- 
tate about two non-colinear axes in general. A typical 

55 diameter for mirror 1 06 is in the range of 300 ujti to 1 000 
ujti. For example, light beam 101 emerging from optical 
fiber 110 is collimated using lenslet 115 typically having 
a diameter greater than about 50 um and projected onto 
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tilt mirror 106 which directs light beam 101 onto lenslet 
116 which focuses light beam 101 into optical fiber 111. 
Hence, using optical cross-connect system 100, light 
beam 101 coming from any one of optical fibers 110 in 
two dimensional array 108 may be directed by one of 5 
mirrors 106 of two dimensional array 104 into selected 
optical fiber 111 of two dimensional optical fiber array 
112. Note that the number of tilt mirrors 106 is equal to 
the number ofoptical fibers 110 coming in which in turn 
is equal to the number of optical fibers 111 going out for 10 
optical cross-connect system 100. 
[0005] Light beam 101 in FIG. 1 generally does not 
enter optical fibers 111 head-on and this may lead to 
aperture issues for optical fibers 111, especially for larg- 
er optical fiber arrays or shorter optical paths resulting 15 
in larger scan angles. FIG. 2a shows optical cross-con- 
nect system 125 in accordance with the invention. Op- 
tical cross-connect system 125 allows optical fibers 111 
to be entered head-on by light beam 101. Optical cross- 
connect system 125 introduces two dimensional array 20 
1 05 of tilt mirrors 1 07 to assure that light beam 1 01 en- 
ters optical fiber 111 head-on. Light beam 101 originat- 
ing from optical fiber 110 first strikes tilt mirror 1 06 and 
is reflected onto tilt mirror 1 07 which reflects light beam 
1 01 head-on to optical fiber 111. However, optical cross- 25 
connect system 125 requires double the number of tilt 
mirrors that is required using optical cross-connect sys- 
tem 100. The maximum mirror tilt angle is the maximal 
angular displacement required of mirror 106 or mirror 
1 07 for addressing the most distant mirrors in array 1 05 30 
or 104, respectively. Typical maximum mirror tilt angles 
for this configuration assuming an optical path length of 
8 cm given a beam radius of 1 80 um are approximately 
3.25° for two dimensional arrays 104 and 105. 
[0006] FIG. 2b shows an embodiment in accordance 35 
with the invention for an n x 1 optical switch for optical 
circuit switching. Light beam 1 01 exits from one of opti- 
cal fibers 110 in optical fiber array 108 to pass through 
lenslet array 115 for collimation and passing to tilt mirror 
array 1 04 to be reflected by tilt mirror 1 06 onto tilt mirror 4Q 
177 which directs light beam 101 through lenslet 117 
into desired one of optical fibers 1 14. An application for 
an n x 1 optical switch is to multiplex a selectable subset 
of m different wavelengths from n (n > m) different optical 
fibers 11 0 in array 1 08 into desired one of optical fibers 45 
114. 

[0007] FIG. 2c shows an embodiment in accordance 
with the invention for a 1 x n optical switch for optical 
circuit switching. Light beam 101 exits from optical fiber 
1 1 9 passing through lenslet 1 1 8 for collimation and be- so 
ing reflected by tilt mirror 1 77 onto desired tilt mirror 1 07 
in tilt mirror array 1 05. Tilt mirror 1 07 reflects light beam 
1 01 through lenslet array 1 1 6 for collimation and into de- 
sired one of optical fibers 111 in optical fiber array 112. 
An application for a 1 x n optical switch is to route optical ss 
beam 101 from optical fiber 119 to any one of optical 
fibers 111. 

[0008] Another embodiment in accordance with the 



invention is shown in FIG. 3a. Optical cross-connect 
system 150 has two dimensional array 165 of tilt mirrors 
106 and 107 and two dimensional array 155 consisting 
of incoming optical fibers 1 1 0 and outgoing optical fibers 
112. In addition, optical cross-connect system 150 in- 
corporates reflector 1 80. Light beam 101 leaves optical 
fiber 110 for collimation by lenslet 115 and is reflected 
off of tilt mirror 106 onto reflector 180. From reflector 
1 80 light beam 1 01 is reflected off of tilt mirror 1 07 into 
lenslet 115 which focuses light beam 101 head-on into 
optical fiber 112. 

[0009] Mirror shape can be adjusted to be a circle, el- 
lipse or polygon. For example, mirror shapes that are 
elliptical can be used to capture the projection of a cir- 
cular beam that is incident at an angle. FIG. 3b shows 
circular beam 300 incident on ellipsoidal mirror 310 at 
angle P with respect to the rays of circular beam 300. 
An optimum aspect ratio for ellipsoidal mirror 310 can 
be derived from angle p. 

[001 0] FIG. 4a shows the basic structure of tilt mirrors 
106 and tift mirrors 107 in accordance with an embodi- 
ment of the invention. Other geometries are possible for 
the tilt mirror structure but the geometry of the alterna- 
tives to suspension arms 450 must allow for elongation 
of the tilt mirror structure between anchor points 440. 
Otherwise the mirror structure cannot raise up after 
etching of the release layer. 

[0011] The surface of mirror 405 in FIG. 4a is a sub- 
stantially flat and stress free metal to allow precise op- 
tical pointing. Mirror 405 is attached by flexure hinges 
415 to suspension arms 450. Suspension arms 450 are 
typically made of nickel and provide clearance for rota- 
tion about axis 476 and 475 of mirror 405 by actuation 
of electrodes 41 0. Mirror 405 is raised automatically dur- 
ing a release etch described below and mirror 405 ro- 
tates slightly in its own plane as mirror 405 rises from 
substrate 499 (see FIG. 5). Typical heights for mirror 405 
having a diameter of about 300 to 1000 u.m is on the 
order of 20 to 1 00 u.m. Four actuation electrodes 41 0 
associated with four suspension arms 450, respectively, 
may be individually charged to tilt mirror 405 about axis 
475 and axis 476 with typical actuation voltages being 
about 10 to 50 volts. In addition, electrodes 410 may 
extend under mirror structure 405 as shown in FIG. 4a. 
[001 2] Actuation electrodes 41 0 may be actuated us- 
ing either a DC or AC drive. If AC actuation is used the 
frequency of the AC drive needs to be significantly high- 
er than the response time of the mechanical system be- 
ing actuated. AC drive avoids potential buildup of elec- 
tric charges in the dielectric materials between or close 
to actuation electrodes 410. Actuation electrodes 410 
are beneficially driven with a bipolar signal, alternating 
between a positive voltage and an approximately equal 
negative voltage. The alternating waveform may typical- 
ly be square shaped sinusoidal, triangular orsome other 
suitable shape as long as the rise and fall times are sub- 
stantially shorter than the mechanical response time of 
tift mirrors 106 and 107, for.example. 
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[001 3] For the example of a square waveform, a typ- 
ical drive frequency would be higher than 1 kHz if the 
mechanical resonance frequency of tilt mirrors 106 and 
1 07 were on the order of 1 kHz. Since the actuation force 
is proportional to the square of the actuation voltage, the 
actuation force is independent of the sign of the voltage. 
The actuation force only varies during the transition from 
a voltage of one sign to a voltage of the opposite sign. 
Hence, the transition needs to be short compared to the 
resonance period of tilt mirrors 1 06 and 1 07, for exam- 
ple. The bipolar signal reduces charge accumulation in 
the dielectric materials since the net charge accumulat- 
ed in the dielectric material averages to approximately 
zero. With a DC signal for actuation there is the possi- 
bility of a net charge accumulation in the dielectric ma- 
terial over time which may act to screen or otherwise 
interfere with the applied actuation voltage. 
[0014] The basic structure shown in FIG. 4a fortilt mir- 
rors 106 and 107 in accordance with the invention is 
based on stress-engineered metal films. Mirror 405 and 
flexure hinges 415 are designed to be stress free while . 
suspension arms 450 along the circumference of mirror 
405 are made of a nickel having an MoCr layer with a 
built-in stress gradient deposited on them. Suspension 
arms 450 are anchored to the substrate at anchor points 
440. Flexure hinges 415 serve to attach mirror 405 to 
suspension arms 450 while isolating the stress and 
strain from mirror 405 to maintain planarity for optical 
pointing accuracy and providing the rotational flexibility 
about axis 477 that is needed for liftup and actuation. 
[0015] The actuation force for axis 475 and axis 476 
is created by the attraction between electrodes 410 sit- 
uated the substrate and suspension arms 450. In anoth- 
er embodiment in accordance with the invention, elec- 
trodes 410 underlie not only suspension arms 450 but 
are extended under each quadrant of mirror 405 as 
shown in FIG. 4a to increase the total actuation force. 
However, limiting actuation electrodes 410 to the area 
underneath suspension arms 450 provides a larger 
force per unit area as the actuation starts from near an- 
chor point 440 where the initial separation between elec- 
trode 410 and suspension arms 450 is smallest and the 
separation then proceeds to decrease along the length 
of suspension arm 450 in a ''zipper-like" fashion as sus- 
pension arm 450 is drawn toward electrode 410. 
[0016] Two or more suspension arms 450 may be 
used in the structure fortilt mirrors 106 and 107 with 4 
(four) being typical. If mirror actuation is achieved by ac- 
tuation of suspension arms 450 alone, a minimum of 3 
(three) suspension arms 450 is required to allow tilt 
about two non-collinear axes. FIG. 4b shows an embod- 
iment in accordance with the invention of an actuatable 
mirror structure having 3 (three) suspension arms 450. 
If mirror actuation about one tilt axis is achieved by hav- 
ing electrodes 41 0 extend under mirror405, it is possible 
to achieve tilting about two axes by having only 2 (two) 
suspension arms 450. 

[0017] Other embodiments in accordance with the in- 



vention are also possible. For example, a requirement 
for all suspension schemes is that suspension arms 450 
or suspension arms 455 (see FIG. 4c) and/or flexure 
hinges 41 5 are deformable between anchor points 440. 

5 in the embodiments shown in FIGs. 4a and 4b, the de- 
formation is achieved by using suspension arms 450 
that wrap around mirror 405. In the embodiment shown 
in FIG. 4c, the deformation is achieved through longitu- 
dinal flexures 456 in suspension arms 455. Other em- 

10 bodiments allowing deformation will be readily apparent 
to those of ordinary skill in the art. 
[0018] FIG. 5 shows the basic structure of FIG. 4a in 
cross-section, showing the placement of electrodes 41 0 
underneath only suspension arms 450. 

15 [0019] Optical path length (defined as the optical dis- 
tance between exit face of incoming optical fiber bundle 
108 and the entrance face of outgoing optical fiber bun- 
dle 112) effects a number of design parameters. Typical 
optical paths lie in the range of from about 5 cm -10 cm. 

20 a longer optical path for the embodiments shown in 
FIGs; 1 -3 is beneficial because it reduces the scan angle 
required of mirrors 1 06 and 1 07 to address optical fiber 
arrays 108 and 112, respectively. A reduced scan angle 
in turn reduces the actuation voltage required for mirrors 

25 1 06 and 1 07 to achieve a given resonance frequency or 
switching speed or results in a higher switching speed 
if the actuation voltage is kept the same. A reduced scan 
angle also helps lower the mechanical stresses acting 
on the flexure elements such as flexure hinges 415 and 

30 longitudinal flexures 456. Lowered mechanical stress 
reduces the potential problems of metal fatigue or hys- 
teresis. 

[0020] However, increased optical path length in- 
crease the need for optical beam collimation. Collimat- 

35 ing optics need to be positioned near the exit face of 
incoming optical fiber bundle 1 08 and the entrance face 
of outgoing optical fiber bundle 112. This is typically 
done with lenslet arrays 1 1 5 and 1 1 6 but also with grad- 
ed index (GRIN) collimators, ball lenses or other optical 

40 elements suitable for providing collimation. Collimation 
optics will always leave a finite residual divergence in 
the optical beam, for example, a commercially available 
GRIN fiber collimator typically leaves a residual diver- 
gence angle of from 0.1 to 0.25 degrees. The diver- 

45 gence angle combined with the optical path length de- 
termines the size required for mirrors 106 and 107. To 
avoid intensity losses, mirrors 106 and 107 need to be 
larger than the maximum optical beam diameter. For a 
given divergence angle, a longer optical path requires 

50 larger mirrors 1 06 and 1 07 which results in larger mirror 
arrays 1 04, 1 05 and 1 65 and a larger array pitch. A larg- 
er array pitch again requires a larger scan angle. 
[0021 ] Typical optical beam diameter is about 0.3 mm 
to 0.5 mm. The beam diameter after the collimation and 

55 expansion optics offers a degree of freedom in design. 
Expansion of the optical beam diameter relaxes the po- 
sitional tolerances of all the optical elements which re- 
sults in simplified packaging. However, the size required 
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for mirrors 106 and 107 is increased. Typical mirror di- 
ameters are typically on the order of 300 ^im - 1 mm. As 
mirror size increase it is more difficult to keep the mirror 
surface optically flat. Increasing mirror thickness en- 
hances the ability to keep the mirror surface optically 
flat. A typical thickness for mirrors 106 and 107 lies in 
the range of 1 - 15 urn. 

[0022] Mirrors 1 06 and 1 07 may have bow which con- 
tributes to optical beam divergence along with residual 
collimator divergence. FIG. 6a shows a cross section of 
concave mirror 600 having radius of curvature R, diam- 
eter w, bow x, incoming collimated beam diameter dO, 
and diameter d2 is the diameter of the reflected beam 
at optical path length L away from the surface of con- 
cave mirror 600. Bow angle a = arctan (4x/w) is the di- 
vergence half angle due to bow x. Assuming that bow x 
is much less than radius of curvature R it can be shown 
that beam diameter d as a function of optical path length 
L is given approximately by: 

d(L) " dO - 8xUw ifL<2R (1) 



d(L) " dO + 8xL7w -2w ifl_>2R (2)^ 
and d(L) ~ 0 if L - R. 

[0023] FIG. 6b shows that beam diameter as a func- 
tion of optical path length L for convex mirror 610 with 
optical path length L is given by: 

d(L) " dO + 8xL/w (3) 

[0024] From the above it is apparent that the optical 
beam divergence arising from bow angle a must be kept 
small with respect to the optical beam divergence due 
to the residual coliimation angle due to the collimation 
optics to maintain acceptable mirror size. For example, 
if mirror diameter w is 300 urn, optical path length L is 
1 0 cm and dO is 250 urn, bow x of 1 0 nm is acceptable 
whereas bow x of 100 nm is not acceptable. Increasing 
mirror diameter w to 500 jam allows box x to be 1 0Onm. 
[0025] Larger thickness or diameters for mirrors 1 06 
and 107 mean that mirrors 106 and 107 respond more 
slowly for a given actuation voltage for a fixed suspen- 
sion stiffness and require a higher actuation voltage for 
a faster response at a higher suspension stiffness. 
[0026] For example, larger diameters for mirrors 1 06 
and 1 07 require a higher clearance from the substrate 
for a given scan angle. The actuation used for mirrors 
1 06 and 1 07 becomes unstable once the downward de- 
flection exceeds a certain point. The instability typically 
occurs when the air gap between suspension arms 450 
and electrodes 410 decreases to between about 30% 
to 50% of the air gap for the unactuated state. In the 
operation of mirrors 1 06 and 1 07 it is desirable to avoid 
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the region of instability when operating at the maximum 
required tilt angle. To increase the region of stability, it 
is beneficial to shape electrodes 410 in accordance with 
an embodiment of the invention. For example, elec- 

5 trodes 41 0 can be tapered as a function of distance from 
anchor points 440. A typical shape is then a triangular 
shape. Reducing width of actuation electrodes 410 
along their length gradually reduces the actuation force 
at a fixed voltage as suspension arms 450 bend down 

10 towards actuation electrodes 41 0. This reduction in ac- 
tuation force acts to offset the increased actuation force 
due to the gradually decreasing gap between suspen- 
sion arm 450 and actuation electrode 41 0. The decreas- 
ing gap is responsible for the onset of the instability. 

15 [0027] Hence, the mirror diameter, the required scan 
angle and the size of the instability region in combination 
determine the minimum clearance from substrate 499 
for mirrors 106 and 107. Clearance is adjusted by ap- 
propriate selection of the length of, for example, suspen- 
se sion arms 450 and the magnitude of the stress gradient 
that is introduced into suspension arms 450. A typical 
clearance for mirrors 106 and 107 is typically in the 
range of 20 um to 200 ^m from substrate 499. 
[0028] The stiffness of the suspension system and the 

25 mass of mirrors 1 06 and 1 07 determines the resonance 
frequency of mirrors 106 and 107. For example, in FIG. 
4a is the stiffness of the suspension system is deter- 
mined by the width, length, thickness and material of 
suspension arms 450 and flexural hinges 415. A higher 

30 stiffness results in a higher resonance frequency with a 
resultant higher switching speed but requires higher ac- 
tuation voltages. Higher stiffness also reduces the clear- 
ance of mirror 405 over substrate 499 for the same 
stress gradient and geometrical configuration. The ratio 

35 of the stiffness of suspension arm 450 to the stiffness of 
flexural hinge 415 determines what fraction of the actu- 
ation force produces the tilt of mirror 405 versus the low- 
ering of mirror 405. Both tilt and lowering of mirror 405 
will be present. Hence, it is desirable that the stiffness 

40 of flexural hinges 415 is less than the stiffness of sus- 
pension arms 450. 

[0029] Two dimensional micro-mirror arrays such as 
two dimensional array 1 04 of M EMS tilt mirrors 1 06 may 
be fabricated in a number of ways in accordance with 

45 the invention. Various substrates may be used such as, 
for example, glass, bulk silicon, and silicon on insulator. 
[0030] Note that lift-off masks 701 -706 In FIGs. 7a-7f 
are exemplary and shown for a two by two micro-mirror 
array but may be adapted to an arbitrary micro-mirror 

so array size or to a single mirror structure. FIGs 8a -8o 
show the fabrication steps for two dimensional array 1 04 
of MEMS tilt mirrors 1 06 using glass as the substrate in 
accordance with an embodiment of the invention. FIGs. 
8a-8o are cross-sectional views taken substantially 

55 along line 8-8 in FIG. 9. High quality unannealed glass 
substrate 801 is cleaned prior to application of photore- 
sist lift-off mask 701 . After application, lift-off mask 701 
is patterned as shown in FIG. 7a for anchor points 440, 
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actuation electrodes 410 and electrical contacts (not 
shown). Typically, 100 nm of chromium 813 is sputter 
deposited over lift-off mask 701 . FIG. 8b shows removal 
of photoresist lift-off mask 701 and the portion of chro- 
mium layer 813 overlying photoresist lift-off mask 701 
using an acetone soak and leaving actuation electrodes 
41 0 (see FIG. 4} and anchor points 440 in place. Using 
low pressure chemical vapor deposition (LPCVD)-, Si 3 N 4 
layer 803 having a typical thickness of about 150 nm is 
deposited over glass substrate 801 , over actuation elec- 
trodes 41 0 (see FIG. 4) and anchor points 440 as shown 
in FIG. 8c. 

[0031] Wrth reference to FIG. 8d, amorphous silicon 
layer 804 is LPCVD deposited over Si 3 N 4 layer 803 to 
a typical thickness of about 500 nm. Photoresist mask 
702 is applied over amorphous silicon layer 804 and pat- 
terned as shown in FIG. 7b. Vias 890 are dry etched 
using an Og/SFg plasma down to anchor points 440 and 
electrical contacts (not shown). After removal of pho- 
toresist mask 702 using an acetone soak, copper seed 
layer 805 is deposited to a typical thickness of about 200 
nm over amorphous silicon layer 804, electrical contacts 
(not shown) and anchor points 440 as shown in FIG. 8e. 
[0032] FIG. 8f shows electroplating mask 703 applied 
over copper layer 805 and patterned as shown in FIG. 
7c in preparation for electroplating of nickel layer 806. 
Nickel layer 806 is electroplated over copper layer 805 
to a typical thickness of about 1 ujti as shown in FIG. 
8g. Nickel layer 806 functions as a structural support lay- 
er for mirror 405 and suspension arms 450 (see FIGs. 
4 and 9). Electroplating mask 703 is then removed. Elec- 
troplating mask 704 is applied and patterned as shown 
in FIG. 7d where only the area for mirror 405 is left ex- 
posed. Electroplating mask 704 is the mask for the nick- 
el electroplating of mirror 405 to a typical thickness of 
about2-3u.m as shown in FIG. 8h. Photoresist layer 704 
is removed to produce the structure shown in FIG. 8i. 
[0033] MoCr photoresist lift-off mask 705 is applied 
over mirror 405 and copper layer 805 as shown in FIG. 
8j. Lift-off mask 705 is patterned as shown in FIG. 7e 
and then MoCr layer 810 is sputter deposited over lift- 
off mask 705. Typical sputter parameters for deposition 
of MoCr layer 81 0 are shown in Table 1 below and result 
in an internal stress gradient of about 3.0 Gpa across 
MoCr layer 81 0. Total lift can be designed using conven- 
tional micro-spring recipes such as disclosed in US-A- 
5,914,218. 

Table 1 . 



Table 1 . (continued) 



Sputter Deposition Conditions 


Time (sec) 


Pressure:! .6 mT 
Voltage: 518 volts 
Current: 1.13 A 


390 


Pressure: 2.2 mT 
Voltage: 470 volts 
Current: 1 .26 A 


330 



10 



15 



20 



25 



30 



35 



40 



45 



50 



55 



Sputter Deposition Conditions 


Time (sec) 


Pressure: 3.0 mT 
Voltage:457 volts 
Currents. 30 A 


300 


Pressure: 3.9 mT 
Voltage: 453 volts 
Current: 1.31 A 


330 


Pressure: 5.0 mT 
Voltage:457 volts 
Current: 1.30 A 


300 



[0034] An acetone soak is performed to remove lift- 
off mask 705 and portions of MoCr layer 810 overlying 
lift-off mask 705 resulting in the structure shown in FIG. 
8k. 

[0035] Photoresist lift-off mask 706 is applied over ex- 
posed copper layer 805, exposed nickel layer 806 and 
remaining portion of MoCr layer 810. Lift-off mask 706 
is patterned as shown in FIG. 7f to expose only the sur- 
face of mirror 405. Gold layer 815 is then sputter depos- 
ited to coat mirror 405 with gold. After gold layer 81 5 has 
been deposited, lift-off mask 706 along with the portion 
of gold layer 815 overlying lift-off mask 706 is removed 
using an acetone soak. The resulting structure is shown 
in FIG. 8m. To make the structure shown in FIG. 8n, ex- 
posed copper layer 805 is removed using an alkaline 
etch, typically a mix of 5H 2 0:5NH 4 OH:H 2 0 2 . This etch 
avoids damaging the exposed nickel. 
[0036] Finally, the structure shown in FIG. 8n is re- 
leased using xenon difluoride (XeF 2 ) which removes 
sacrificial amorphous silicon layer 804. Note that re- 
mainder of copper layer 805 remains attached to struc- 
ture 899. Removal of amorphous silicon layer 804 caus- 
es release of structure 899 as shown in FIG. 8o. Struc- 
ture 899 raises up from substrate 801 due to the internal 
stress gradient in MoCr layer 81 0. Since MoCr layer 81 0 
is the surface layer for suspension arms 450 (see also 
FIG. 4), the internal stress gradient in MoCr layer 810 
acts to force up all four of suspension arms 450, thereby 
raising mirror 405. FIG. 10 shows a partial cut-away 
view of MEMS tilt mirror 106 on glass substrate 801. 
FIG. 1 0 shows a partial cut-away view of MEMS tilt mir- 
ror 106 on glass substrate 801 and showing optical 
beams 1 01 0 and 1 020. Optical beam 1 020 reaches mir- 
ror 405 by passing through glass substrate 801 . 
[0037] FIGs 11a -11k show the fabrication steps for 
two dimensional array 1 04 of MEMS tilt mirrors 1 06 us- 
ing bulk silicon as the substrate in accordance with an 
embodiment of the invention. Typical thickness for bulk 
silicon substrate 1101 is on the order of 1 00 tim to facil- 
itate etching. FIGs. 11a- 11k are cross-sectional views 
along line 12-12 in FIG. 12. FIG. 11a shows bulk silicon 
substrate 1101 with dielectric, typically Si 3 N 4 , layers 
1102 and 1103 deposited on two sides of bulk silicon 
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substrate 11 01 . Photoresist lift-off mask 709 is applied 
over dielectric layer 1103 and patterned as shown in 
FIG. 7i. Cr layer 1105 is then sputter deposited over lift- 
off mask 709 and exposed dielectric layer 11 03. Subse- 
quently, lift-off mask 709 and overlying portions of Cr 5 
layer 1105 are removed using an acetone soak. 
[0038] Following the acetone soak, FIG. 11b shows 
the deposition of dielectric layer 1111 over electrodes 
41 0 to electrically isolate electrodes 41 0. Dielectric layer 
1111 may be Si 3 N 4 or another dielectric material. Si0 2 10 
layer 1106 is deposited over dielectric layer 1111 for re- 
lease purposes. FIG. 1 1 c shows photoresist mask layer 
71 1 applied over Si0 2 layer 1 1 06 and then patterned as 
shown in FIG. 7k. Exposed portions of dielectric layer 
.1111 and Si0 2 layer 1106 are then dry etched away. 15 
Photoresist lift-off mask layer 710 is applied in FIG. 11d 
and patterned as shown in FIG. 7j. As shown in FIG. 
11e, MoCr layer 1108 is sputter deposited to a typical 
thickness of about 500 nm over mask layer 710 as de- 
tailed in Table 1 above. 20 
[0039] Photoresist lift-off mask 71 0 and overlying por- 
tions of MoCr layer 1 1 08 are removed using an acetone 
soakto achieve the structure in FIG. 11f. FIG. 11gshows 
photoresist lift-off mask layer 708 applied over dielectric 
layer 1106 and MoCr layer 1108 and then patterned as 25 
shown in FIG. 7h. Gold layer 1109 is sputter deposited 
over photoresist lift-off mask layer 708 to a typical thick- 
ness of about 1 0Onm. Photolift-off mask layer 708 along 
with overlying portions of gold layer 1109 are then re- 
moved using an acetone soak. The entire top of the 30 
structure is covered with photoresist layer 1110 to a 
thickness of about 5-10 um as shown in FIG. 1 1 h and 
hard baked for about 20 minutes at approximately 
1 20°C to protect the top of the structure against subse- 
quent processing steps. 35 
[0040] With reference to FIG. 11i, photoresist mask 
707 is applied to dielectric layer 1102 and patterned as 
shown in FIG. 7g. Photoresist mask 707. exposes the 
areas for the deep reactive ion etch (DRIE) which re- 
moves the exposed sections of dielectric layer 1 1 02 and 40 
overlying bulk silicon substrate 1101, dielectric layer 
1 1 03 and dielectric layer 1 1 06 to form suspended mirror 
405. FIG. 11j shows the extent of the deep reactive ion 
etch. MoCr suspension arms 450 (see FIG. 4) are also 
released from dielectric layer 1 1 06. Finally, as shown in *s 
FIG. 11k, photoresist mask layers 707 and 1110 are re- 
moved using either a dry etch or an acetone soak fol- 
lowed by an etch in a photoresist stripper. Finished 
MEMS tilt mirror structure is shown in FIG. 13 where 
arrows 1310 and 1320 indicate that the bottom as well so 
as the top surface of mirror 405 may be used to reflect 
light if minor changes are made to the processing steps 
1 1 a-1 1 j so that the bottom of mirror 405 is also coated 
with gold. 

[0041] FIGs 14a-14lshowthefabrication steps fortwo ss 
dimensional array 104 of MEMS tilt mirrors 106 using a 
silicon on insulator substrate in accordance with an em- 
bodiment of the invention. FIGs. 1 4a- 1 41 are cross-sec- 



tional views along line 12-12 in FIG. 12 . FIG. 14a shows 
silicon on insulator substrate 1401 with dielectric, typi- 
cally Si 3 N 4 , layers 1402 and 1403 deposited on two 
sides of silicon on insulator substrate 1401 . Photoresist 
lift-off mask 709 is applied over dielectric layer 1 403 and 
patterned as shown in FIG. 7i. Cr layer 1405 is sputter 
deposited to a typical thickness of about 1 00 nm over 
patterned photoresist lift-off mask 709. Photoresist lift- 
off mask 709 and overlying portions of Cr layer 1 405 are 
removed using an acetone soak or other standard lift- 
off technique as shown in FIG. 14b. In FIG. 14c, dielec- 
tric layer 1411 is deposited over actuator electrodes 41 0 
to electrically isolate electrodes 410. Dielectric layer 
1411 may be Si 3 N 4 or another dielectric material, typi- 
cally, porous Si0 2 layer 1 406 is deposited over dielectric 
layer 1411 for release purposes. FIG. 14d shows pho- 
toresist mask layer 711 applied over Si0 2 layer 1406 
and then patterned as shown in FIG. 7k. Exposed por- 
tions of Si0 2 layer 1406 and underlying portions of die- 
lectric layer 1411 are then dry etched away. Photoresist 
lift-off mask layer 71 0 is applied over remaining portions 
of Si0 2 layer 1406 and exposed portions of layer 141 in 
FIG. 14e and patterned as shown in FIG. 7j. As shown 
in FIG. 14f, MoCr layer 1408 is sputter deposited to a 
typical thickness of about 500 nm over mask layer 71 0 
as detailed in Table 1 above. 

[0042] Photoresist lift-off mask 710 and overlying por- 
tions of MoCr layer 1 408 are removed using an acetone 
soak or other lift-off technique to achieve the structure 
shown in FIG. 14g . FIG. 14h shows photoresist lift-off 
mask 708 applied over dielectric layer 1406 and MoCr 
layer 1408 and then patterned as shown in FIG. 7h.Gold 
layer 1409 is sputter deposited over photoresist lift-off 
mask layer 708 to a typical thickness of about 100 nm. 
Photoresist lift-off mask layer 708 along with overlying 
portions of gold layer 1 409 are then removed using an 
acetone soak or other lift-off technique. The entire top 
of the structure is covered with photoresist layer 1410 
to a thickness of about 5-10 nm as shown in FIG. 14i 
and hard baked for about 20 minutes at 120°C to act as 
protection for subsequent processing steps. Photoresist 
mask layer 71 3 is applied over dielectric layer 1 402 and 
patterned as shown in FIG. 7m. The exposed portion of 
dielectric layer 1402 is removed using a buffered hy- 
drofluoric acid etch to allow for the following potassium 
hydroxide etch. Photoresist mask layer 71 3 is then also 
removed using an acetone soak. 
[0043] Silicon on insulator substrate 1401 isbackside 
etched using a 45% potassium hydroxide solution at a 
temperature of approximately 60 °C until buried oxide 
layer 1475 is reached as shown in FIG. 14j. Buried oxide 
layer 1475 functions as an etch stop. Remaining portion 
of dielectric layer 1 402 and exposed portion of buried 
dielectric layer 1 475 are coated with photoresist mask 
707 which is patterned as shown in FIG. 7g. Exposed 
sidewalls in cavity 1 450 are also coated with photoresist 
layer 1451 . The exposed areas are then deep reactive 
ion etched to remove the exposed portion of buried di- 
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electric layer 1475 as well as the portions of silicon on 
insulator substrate 1401 , dielectric layer 1403 and die- 
lectric layer 1 406 that lie over exposed portion of buried 
dielectric layer 1475. The resultant structure is shown 
in FIG. 14k. Finally, as shown in FIG. 111, photoresist 
mask layers 707 along with photoresist layers 1 41 0 and 
1 451 are removed using either a dry etch or an acetone 
soak followed by an etch in a photoresist stripper. Fin- 
ished MEMS tilt mirror structure 1500 is shown in FIG. 
1 5 where arrows 1510 and 1 520 indicate that the bottom 
as well as the top surface of mirror 405 may be used to 
reflect lightjf minor changes are made to the processing 
steps 1 4a-1 41 so that the bottom of mirror 405 is coated 
with gold. 

[0044] FIGs 16a -16i show the fabrication steps for 
two dimensional array 104 of MEMS tilt mirrors 106 us- 
ing any one of the previously mentioned substrates by 
using polysilicon as the mechanical mirror material in 
accordance with an embodiment of the invention. FIGs. 
16a- 16i are cross-sectional views along line 9-9 in FIG. 
9. FIG. 1 6a shows application of photoresist lift-off mask 
layer 701 on substrate 1601. After application, lift-off 
mask layer 701 is patterned as shown in FIG. 7a for an- 
chor points 440, actuation electrodes 41 0 and electrical 
contacts (not shown). Cr layer 1613 is deposited over 
lift-off mask layer 701 to a typical thickness of about 
100nm. FIG. 16b shows removal of photoresist lift-off 
mask layer 701 and the portion of Cr layer 1 613 overly- 
ing photoresist lift-off mask 701 using an acetone soak 
or other lift-off technique leaving actuation electrodes 
41 0 (see FIG. 4) and anchor points 440 in place. Using 
Low Pressure Chemical Vapor Deposition (LPCVD), 
Si 3 N 4 layer 1603 is deposited to a typical thickness of 
about 200 nm over substrate 1 601 , anchor points 440 
and actuation electrodes 410 (see FIG. 4) followed by 
deposition of porous Si0 2 layer 1 604 over Si 3 N 4 layer 
1603 to a typical thickness of about 150 nm as shown 
in FIG. 16c. 

[0045] With reference to FIG. 16d, photoresist mask 
layer 702 is applied to Si0 2 layer 1604 and patterned 
as shown in FIG. 7b. Vias 1 690 are dry etched using an 
Og/SFg plasma down to anchor points 440 and electrical 
contacts (not shown). After removal of photoresist mask 
layer 702 using an acetone soak, polysilicon layer 1 605 
is deposited to a typical depth of about 6 \xm to act as 
the mechanical layer for mirror 405. Then a chemical 
mechanical polish is applied to polysilicon layer 1605 to 
planarize the top surface of polysilicon layer 1605 re- 
sulting in the structure shown in FIG. 16e. 
[0046] Photoresist mask layer 1611 is applied over 
polysilicon layer 1605 and patterned as the photo neg- 
ative of photoresist mask 703 shown in FIG. 7c. Ex- 
posed portions of polysilicon layer 1605 are then dry 
etched away giving the structure in FIG. 16f. Photoresist 
mask layer 1611 is then removed using either an ace- 
tone soak or a dry etch. Photoresist lift-off mask layer 
705 is then deposited over exposed Si0 2 layer 1 604 and 
remaining polysilicon layer 1 605. With reference to FIG. 
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16g, photoresist lift-off mask layer 705 is patterned as 
shown in FIG. 7e and then MoCr layer 1610 is sputter 
deposited to a typical thickness of about 500 nm on pho- 
toresist lift-off mask layer 705 and on exposed portions 
of polysilicon layer 1605 as described in Table 1. Pho- 
toresist lift-off mask layer 705 and overlying portions of 
MoCr layer 1610 are then removed using an acetone 
soak or other lift-off technique. 

[0047] Photoresist lift-off mask layer 704 is applied 
over polysilicon layer 1 605 and exposed portion of Si0 2 
layer 1 604 and patterned as shown in FIG. 7f . Gold layer 
1615 is sputter deposited to a typical thickness of about 
1 0Onm on photoresist lift-off mask 706 as shown in FIG. 
16h. Then photoresist lift-off mask 706 and overlying 
gold layer 1615 is removed using an acetone soak or 
other lift-off technique leaving gold layer 1 61 5 on mirror 
405. Finally, a wet etch is performed on porous Si0 2 lay- 
er using forty nine percent hydrofluoric acid for about 1 5 
minutes to release mirror 405 as shown in FIG. 16i. The 
resulting structure is similar to that shown in the partial 
cutaway of FIG. 10. 

[0048] Tilt mirror 106 flatness can be achieved by 
making tilt mirrors 106 from two adjacent stress metal 
layers with opposite stress gradients. FIGs 17a-17l 
show the fabrication steps for two dimensional array 104 
of MEMS tilt mirrors 1 06 using glass as the substrate in 
accordance with an embodiment of the invention to pro- 
duce opposing stress . FIGs. 17a-17m are cross-sec- 
tional views taken substantially along line 8-8 in FIG. 9. 
High quality unannealed glass substrate 801 is cleaned 
prior to application of photoresist lift-off mask 701 . After 
application, lift-off mask 701 is patterned as shown in 
FIG. 1 7a for anchor points 440, actuation electrodes 41 0 
and electrical contacts (not shown). Typically, 100 nm 
of chromium 813 is sputter deposited over lift-off mask 
701 . FIG. 1 7b shows removal of photoresist lift-off mask 

701 and the portion of chromium layer 813 overlying 
photoresist lift-off mask 701 using an acetone soak and 
leaving actuation electrodes 410 (see FIG. 4) and an- 
chor points 440 in place. Using low pressure chemical 
vapor deposition (LPCVD), Si 3 N 4 layer 803 having a typ- 
ical thickness of about 150 nm is deposited over glass 
substrate 801 , over actuation electrodes 41 0 (see FIG. 
4) and anchor points 440 as shown in FIG. 17c. 
[0049] With reference to FIG. 17d, amorphous silicon 
layer 804 is LPCVD deposited over Si 3 N 4 layer 803 to 
a typical thickness of about 500 nm. Photoresist mask 

702 is applied over amorphous silicon layer 804 and pat- 
terned as shown in FIG. 7b. Vias 890 are dry etched 
using an O^SFg plasma down to anchor points 440 and 
electrical contacts (not shown). After removal of pho- 
toresist mask 702 using an acetone soak, titanium ad- 
hesion layer 1701 is deposited to a typical thickness of 
about 50 nm over amorphous silicon layer 804, electrical 
contacts (not shown) and anchor points 440 and fol- 
lowed by deposition of gold reflective layer 1 705 over 
titanium adhesion layer 1701 as shown in FIG. 17e. 
[0050] FIG. 17f shows lift-off mask 703 applied over 
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gold reflective layer 1705 and patterned as shown in 
FIG. 7c in preparation for deposition of MoCr layer 1 71 0. 
FIG. 17g shows sputter deposition of five sublayers of 
MoCr, resulting in a typical total MoCr layer 1712 thick- 
ness of 1 um. Typical sputter parameters for deposition 5 
of MoCr layer 1712 are shown in Table 1 above and re- 
sult in MoCr layer 1712 having an interna! stress gradi- 
ent of about 3.0 Gpa. 

[0051] Photoresist lift-off mask 704 is applied over 
MoCr layer 1712. Lift-off mask 704 is patterned as 10 
shown in FIG. 7d leaving only the mirror area exposed. 
Then MoCr layer 1714 is sputter deposited over lift-off 
mask 704 with a designed in stress gradient opposite to 
that of MoCr layer 1712 as shown in FIG. 17h. This re- 
sults in substantially zero net force in mirror 405. An ac- is 
etone soak is performed to remove lift-off mask 704 and 
portions of MoCr layer 1714 overlying lift-off mask 704. 
Exposed portion of gold reflective layer 1 705 is removed 
using TRANSENE gold etchant followed by a mixture of 
HF:H 2 0 to remove the exposed portion of titanium ad- 20 
hesion layer 1712 as shown in FIG 17i. 
[0052] Photoresist lift-off mask 706 is applied over re- 
maining portion of MoCr layer 1714 and exposed portion 
of MoCr layer 1712. Lift-off mask 706 is patterned as 
shown in FIG. 7f to expose only the surface of mirror 25 
405. Gold layer 815 is then sputter deposited to coat 
mirror 405 with gold as shown in FIG. 1 7j. After gold lay- 
er 815 has been deposited, lift-off mask 706 along with 
the portion of gold layer 815 overlying lift-off mask 706 
is removed using an acetone soak. The resulting struc- 30 
ture is shown in FIG. 17k. Finally, the structure shown 
in FIG. 171 is released using xenon difluoride (XeF 2 ) 
which removes sacrificial amorphous silicon layer 804. 
Removal of amorphous silicon layer 804 causes release 
of structure 1750. Structure 1750 raises up from sub- 35 
strate 801 due to the internal stress gradient in MoCr 
layer 1712. Since MoCr layer 1712 forms suspension 
arms 450 (see also FIG. 4), the internal stress gradient 
in MoCr layer 1712 acts to force up all four of suspension 
arms 450, thereby raising mirror 405. 40 
[0053] Tilt mirror 106 flatness can also be achieved 
by making tilt mirrors 1 06 from two adjacent stress poly- 
silicon layers with opposite stress gradients. Polysilicon 
can be stressed by adjusting deposition temperature (as 
opposed to pressure for MoCr) during LPCVD. Stresses *5 
on the order of 500 mPa can be readily achieved as has 
been shown by Arthur Heuer of Case Western Reserve 
University. 

[0054] FIGs 18a-18m show the fabrication steps for 
MEMS tilt mirrors 106 using glass as the substrate in 50 
accordance with an embodiment of the invention to pro- 
duce opposing stress . FIGs. 18a-18m are cross-sec- 
tional views taken substantially along line 8-8 in FIG. 9. 
High quality unannealed glass substrate 801 is cleaned 
prior to application of photoresist lift-off mask 701 . After 55 
application, lift-off mask 701 is patterned as shown in 
FIG. 18a for anchor points 440, actuation electrodes 410 
and electrical contacts (not shown). Typically, 100 nm 



of chromium 81 3 is sputter deposited over lift-off mask 
701 . FIG. 1 8b shows removal of photoresist lift-off mask 
701 and the portion of chromium layer 813 overlying 
photoresist lift-off mask 701 using an acetone soak and 
leaving actuation electrodes 410 (see FIG. 4) and an- 
chor points 440 in place. Using low pressure chemical 
vapor deposition (LPCVD), Si 3 N 4 layer 803 having atyp- 
ical thickness of about 150 nm is deposited over glass 
substrate 801 , over actuation electrodes 41 0 (see FIG. 
4) and anchor points 440 as shown in FIG. 1 8c. 
[0055] With reference to FIG. 1 8d, amorphous silicon 
layer 804 is LPCVD deposited over Si 3 N 4 layer 803 to 
a typical thickness of about 500 nm. Then Si 3 N 4 layer 
1803 is LPCVD deposited over amorphous silicon layer 
804 to serve as a first insulation layer against XeF 2 for 
the polysilicon structure to be deposited later. Photore- 
sist mask 702 is applied over layer Si 3 N 4 layer 1 803 and 
patterned as shown in FIG. 7b. Vias 890 are dry etched 
using an O^SFg plasma down to anchor points 440 and 
electrical contacts (not shown). After removal of pho- 
toresist mask 702 using an acetone soak, stressed poly- 
silicon layer 1 804 is deposited using LPCVD and pho- 
toresist layer 2004 is applied over polysilicon layer 1 804 
and patterned as the inverse of mask 703 as shown in 
FIG. 7c. Exposed portion of polysilicon layer 1804 is dry 
etched in an 0 2 /SF 6 plasma etcher and photoresist lay- 
er 2004 is removed resulting In the structure shown in 
FIG. 18f. 

[0056] Photoresist layer 2005 is applied over polysil- 
icon layer 1 804 and patterned as the inverse of mask 
703 shown in FIG. 7c but slightly optically magnified to 
produce an approximately 1 ujti overhang. Then a timed 
wet etch using an HF solution is performed of exposed 
Si 3 N 4 layer 1803 as shown in FIG. 18g. Photoresist lay- 
er 2004 is then removed using an acetone soak. Si 3 N 4 
layer 1 809 is deposited to encapsulate polysilicon layer 
1804. As shown in FIG. 18h, photoresist mask 704 is 
deposited over Si 3 N 4 layer 1809 and patterned as 
shown in FIG. 7d to expose the mirror region. Si 3 N 4 lay- 
er 1809 is then etched using an HF etchant. 
[0057] After removal of photoresist mask 704 using 
an acetone soak, polysilicon layer 1805 is deposited 
with a stress gradient opposite to polysilicon layer 1 804. 
As shown in FIG. 18i, photoresist layer 2006 is then ap- 
plied over polysilicon layer 1 805 and patterned to be the 
inverse of mask 704 shown in FIG. 7d. Exposed portions 
of polysilicon layer 1805 are then dry etched, stopping 
on Si 3 N 4 layer 1809. Photoresist layer 2006 is then re- 
moved using an acetone soak. As shown in FIG. 18j, 
photoresist layer 2007 is applied over polysilicon layer 
1 805 and over exposed Si 3 N 4 layer 1 809 and patterned 
as the inverse of photomask 703 shown in FIG. 7c. Ex- 
posed Si 3 N 4 layer 1 809 is then etched away as shown 
in FIG. 18j. Photoresist layer 2007 is then removed us- 
ing an acetone soak. 

[0058] Photoresist mask 704 is applied over exposed 
portions of polysilicon layer 1805, amorphous silicon 
layer 804 and Si 3 N 4 layer 1 809 and patterned as shown 
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ir> FIG. 7d. Gold layer 1 825 is then deposited over pho- 
toresist mask 704 as shown in FIG. 18k. Subsequently, 
photoresist mask 704 is removed using a liftoff process 
to leave the structure shown in FIG. 181 . Note that all 
polysilicon layers are encapsulated against the upcom- 5 
ing xenon difluoride etch. Finally, the structure shown in 
FIG. 17m is released using xenon difluoride (XeF 2 ) 
which removes sacrificial amorphous silicon layer 804. 
Removal of amorphous silicon layer 804 causes release 
of structure 1850. Structure 1850 raises up from sub- 10 
strate 801 due to the internal stress gradient in polysil- 
icon layer 1 803. Since polysilicon layer 1 803 forms sus- 
pension arms 450 (see also FIG. 4), the internal stress 
gradient in polysilicon layer 1 803 acts to force up all four 
of suspension arms 450, thereby raising mirror 405. 

Claims 

1 . A method for making an actuatable mirror structure 
comprising: 

providing a silicon on insulator substrate; 
providing a plurality of metal suspension arms 
each comprising an internal stress gradient lay- 
er, each said plurality of metal suspension arms 
having a first end and a second end, said first 
end being attached to said silicon on insulator 
substrate; 

providing a silicon area having a reflective sur- 
face layer, said silicon area being attached to 
said second end of said plurality of metal sus- 
pension amis; and 

providing a plurality of electrodes arranged on 
said silicon on insulator substrate adjacent their 
respective metal suspension arms to create an 
electric field for producing deflective movement 
of said silicon area having said reflective sur- 
face layer. 

2. A method according to claim 1 , wherein said plural- 
ity of suspension arms is three in number or is four 
in number. 



7. A method according to any one of the preceding 
claims, wherein said reflective surface layer is gold. 

8. A method according to any one of the preceding 
claims, comprising: 

providing said silicon on insulator substrate 
with a cutout portion; and, 
providing said silicon area having a reflective 
surface layer positioned over said cutout por- 
tion. 

9. A method for making two dimensional array of ac- 
tuatable mirror structures, wherein each of said ac- 
tuatable mirror structures comprises a structure in 
accordance with any one of the preceding claims. 

10. A method according to claim 9, wherein said array 
is a rectilinear array. 
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3. A method according to claim 1 or 2, wherein said 
silicon area has a substantially square shape. 

4. A method according to any one of the preceding 
claims, wherein said internal stress gradient layer 
comprises MoCr. so 

5. A method according to claim 4, wherein an internal 
stress gradient is the order of 3 gigapascal across 
said stress gradient layer. 

55 

6. A method according to any one of the preceding 
claims, wherein each of said plurality of electrodes 
has a substantially tapered shape. 
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FIG. lb 
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FIG. 7d 
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FIG. 7e 
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FIG. 7f 
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FIG. 7h 
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FIG. 7i 
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FIG. 7k 
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FIG. 71 
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FIG. 7m 
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